Fabrication of gadolinium hydroxide nanoparticles using ion-exchange resin and their MRI property  by Kobayashi, Y. et al.
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This paper  describes  a method  to  fabricate  gadolinium  hydroxide  (Gd(OH)3)  nanoparticles.  An opaque
solution  was  prepared  by adding  basic  anion  exchange  resin  (BAER)  to a Gd(NO3)3 aqueous  solution  at
room  temperature  and  aging  the  solution  for 12–24  h; the  solution  became  basic  because  of  the  exchange
of  H2O  with  OH−. The  particles  in  the  opaque  solution  have  a needle  structure,  and  their crystal  structureeywords:
adolinium hydroxide
anoparticle
nion exchange resin
was  hexagonal  Gd(OH)3. Their  longitudinal  and  lateral  average  particle  sizes  tend  to  increase  in the
ranges  of 175.0–222.1  and  33.9–52.3  nm  when  the  aging  time  increases  from  12  to  24 h, respectively.
The  relaxivity  value  for T1-weighted  imaging  was  0.79  mM−1 s−1 for the  solution  that  was prepared  at
the  aging  time  of 18  h,  which  was  ca. 20% of that  for a commercial  Gd complex  contrast  agent.
©  2016  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
Gadolinium (Gd) compounds can function as a contrast agent
or magnetic resonance imaging (MRI) in medical diagnosis [1–3].
he use of MR  contrast agents exerts an inﬂuence on the longitudi-
al (T1) and transverse (T2) relaxation times of nearby protons on
ater, which changes its nuclear magnetic resonance signal inten-
ity. As a result, images taken by the MRI  technique are brightened
nd darkened with the T1 and T2 relaxations, respectively. For Gd-
ased contrast agents, T1 relaxation is mainly changed because of
even unpaired electrons of Gd ions.
Typical commercial Gd compound-based contrast agents are
olutions that homogeneously dissolve Gd complexes at the molec-
lar level. The Gd compound molecules are not strongly dragged in
uid because of their small sizes. Consequently, they cannot stay
n living bodies for a long period of time, which makes it difﬁcult
o take steady images. The formation of Gd compound particles or
n increase in their projected area is a promising solution to the∗ Corresponding author at: Department of Biomolecular Functional Engineer-
ng, College of Engineering, Ibaraki University, 4-12-1 Naka-narusawa-cho, Hitachi,
baraki 316-8511, Japan. Tel.: +81 294 38 5052; fax: +81 294 38 5078.
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187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).licenses/by-nc-nd/4.0/).
problem because the drag force for Gd compound particles with a
larger projected area than the molecules should be larger than the
drag force for the molecules. Thus, their residence time increases
and may  contribute to steady imaging. This explanation is illus-
trated in Fig. 1. However, because large particles tend to settle as
sediment in solvent, the particle size is not necessarily as suitable
as it is large.
The growth of a tumor generated in tissue produces a number
of slits with a size of several hundred nm on the vessel wall near
the tumor. Materials such as molecules, polymers and ﬁne parti-
cles that are smaller than the slit size may  be able to pass through
the slit. Their discharge from the tumor is controlled because the
lymph, which allows discharge, is premature in the tumor. This
behavior is called an enhanced permeation and retention (EPR)
effect [4–6]. Accordingly, the particle formation has another advan-
tage: particles that show imaging properties may  be able to detect
the tumor because of the EPR effect.
From the aforementioned viewpoint, we have studied the fab-
rication of Gd compound particles [7,8] and particles that contain
Gd compound [9–11] and their silica-coating [7–11] because the
processes increase the apparent size of the Gd compound. The Gd
compound was synthesized using precipitation methods, where
the pH of the solution that contained Gd salts was increased to
promote the precipitation reactions of Gd compound with the addi-
tion of chemicals, such as sodium hydroxide and urea. Although
these methods were useful for the particle formation, some
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Fig. 1. Illustration on effect of formation of particles containing contrast agents on
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Fig. 3 shows photographs of the Gd(NO3)3 aqueous solutions
containing phenolphthalein in the presence of BAER. A few drops of
the phenolphthalein solution were added to the aqueous solution,
and the aqueous solution was  aged with no stirring. When the aging
Fig. 2. pHs of water containing (a) BAER () and (b) Gd(NO ) aqueous solutionmaging.
hemicals, such as sodium ion, ammonium ion and carbonate ion,
hich were derived from sodium hydroxide and urea, remained as
mpurities in the produced particle colloid solutions. The presence
f a large amount of ions, ammonium ions may  provide particle
ggregation and be toxic to living bodies, which is derived from
mines.
Basic anion exchange resins (BAERs) exchange anions with
ydroxide ions so that the solution pH increases, which induces
he precipitation reaction of Gd compound. Only hydroxide ions
re released from the resins, and anions that are derived from the
dded chemicals to increase the pH are maintained in the BAERs
uring ion exchange, which reduces the amount of impurities in
he solution.
The present work proposes a method to fabricate Gd hydroxide
Gd(OH)3) nanoparticles using BAER. A colloid solution of Gd(OH)3
anoparticles was prepared using a simple process that ages a Gd
alt aqueous solution in the presence of the BAER. The present
ork also studies the MRI  properties of the Gd(OH)3 particle colloid
olution.
. Experimental
.1. Materials
Gd nitrate hexahydrate (Gd(NO3)3·6H2O) (99.5%, Kanto Chem-
cal Co., Inc.) was used as received and as a raw chemical for
d(OH)3 nanoparticles. A precipitation inducer in the preparation
f Gd(OH)3 nanoparticles was BAER (Dowex® Monosphere® 550A,
ow Chemical Company). The BAER is spherical, and has a particle
ize of 590 ± 50 m.  Phenolphthalein (>98.0%, Kanto Chemical Co.,
nc.) was used to conﬁrm that the pH of solution increases with
he addition of BAER. A phenolphthalein solution was prepared by
issolving the phenolphthalein in ethanol (99.5%, Kanto Chemical
o., Inc.) at the phenolphthalein concentration of 1 g/L. Water that
as ion-exchanged and distilled with a Shimadzu SWAC-500 was
sed in all of the preparations.
.2. Preparation
The BAER was dispersed in water that was deaerated by N2 gas
ubbling. An aqueous solution of Gd(NO3)3 was  added to the water
hat contained the BAER immediately after its preparation, and the
ixture was aged at 35 ◦C for 12–24 h after vigorous stirring for a
ew minutes. The initial concentrations of Gd(NO3)3 and the BAER
ere 1.0 × 10−3 M and 10 g/L, respectively. The BAER was removed
rom the obtained Gd(OH)3 particle colloid solution by decantation.
he Gd(OH)3 particles in the colloidal solution were washed by
epeating centrifugation, supernatant removal, and water addition
nd were sonicated three times.amic Societies 4 (2016) 138–142 139
2.3. Characterization
The samples were characterized using transmission electron
microscopy (TEM) and X-ray diffractometry (XRD). TEM was per-
formed with a JEOL JEM-2000FX II microscope that operated at
200 kV. The samples for TEM were prepared by dropping and evap-
orating the nanoparticle suspensions on a collodion-coated copper
grid. Dozens of particle diameters were measured to the 0.1 nm
unit in the TEM images by a Mitsutoyo CD-15CX digimatic caliper,
to determine the averaged particle size and standard deviation of
the particle size distribution. XRD measurements were performed
with a Rigaku RAD-B that operated at 7.5 kW CuK radiation using
a wide-angle goniometer. The samples for the XRD were obtained
in the identical manner as the sample powder in the IR.
The actual Gd concentrations in particle colloid solutions were
measured using inductively coupled plasma (ICP) emission spec-
troscopy. The ICP measurement was  performed with a Shimadzu
ICPS-7510 atom emission spectrometer. Emission from gadolin-
ium that should have a wavelength of 342.247 nm was  detected
for measuring the Gd concentration. The samples for ICP were pre-
pared by completely dissolving the particles with aqua regia and
subsequently diluting the obtained solution with water to make its
concentrations suitable for the measurements.
To estimate the MR  signal intensity, T1-weighted images of col-
loid solutions with different Gd concentrations were taken with a
Bruker AVANCE III 400WB magnetic resonance imaging system at
a static magnetic ﬁeld of 9.4 T. The times of echo and repetition
were 8.5 and 1500 ms,  respectively. The as-prepared colloid solu-
tion was diluted with water to prepare various colloid solutions
with Gd concentrations.
3. Results and discussion
3.1. Morphology of particles
Fig. 2(a) shows pH of water containing BAER as a function of
aging time. The pH increased with an increase in aging time. OH−
was released from the BAER into the solution due to ion-exchange,
which increased the pH of the solution. Fig. 2(b) shows pH of the
Gd(NO3)3 aqueous solution containing BAER as a function of aging
time. The pH increased with an increase in aging time, of which
tendency was  similar to the case of the water containing BAER
without Gd(NO3)3 shown in Fig. 2(a). This result indicated that the
ion-exchange followed by the pH increase took place even with the
presence of Gd(NO3)3.3 3
containing BAER (©) as a function of aging time. The BAER concentrations were
10 g/L, and the initial Gd(NO3)3 concentration in the Gd(NO3)3 aqueous solution
was 1.0 × 10−3 M.
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Fig. 3. Photographs of Gd(NO3)3 aqueous solutions (a) 0 h, (b) 3 h, (c) 6 h, and (d)
24  h after the addition of BAER. The concentrations of Gd(NO3)3 and BAER were
1.0  × 10−3 M and 10 g/L, respectively.
Fig. 4. Photographs of Gd(NO ) aqueous solutions (a) 12 h, (b) 18 h, and (c) 24 h
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fter  the addition of BAER. The initial concentrations of Gd(NO3)3 and the BAER
ere 1.0 × 10−3 M and 10 g/L, respectively.
ime increased, the color of the solution became pink due to the
ncrease in pH. It was noted that the pink color was  uniform in
he solution. This observation indicated that the pH increase took
lace uniformly in the solution, which expected that particles with
niform morphology could be produced with the present method
sing the BAER.
In a preliminary experiment, it was conﬁrmed by naked eyes
hat no sediment was produced in the Gd(NO3)3 aqueous solutions
n the presence of BAER under stirring. Fluid ﬂow provided by the
tirring was considered to prevent generated nuclei of gadolinium
ydroxide from growing to form particles. Fig. 4 shows photographs
f the Gd(NO3)3 aqueous solutions in the presence of BAER, which
ere aged after vigorous stirring. The BAERs were sedimented
n the bottom of the bottles. White products or sediment were
btained for all of the examined reaction times. The increase in pH
fter the BAER addition caused the production. White sediments
Fig. 5. TEM images of particles that were produced at tFig. 6. XRD pattern of the particles. The sample was identical to the sample in
Fig. 5(b).
were present together with the BAERs at the bottom. This observa-
tion indicated that the pH increase occurred predominantly near
the BAER. The layer of sediments appeared to thicken with the
increase in reaction time, which indicated that the released OH−
diffuses toward the top.
Fig. 5 shows the TEM images of the particles that are
produced at different reaction times. The particles had a
needle-like structure for all of the examined reaction times.
If the particles are crystalline, they should have various crys-
tal planes. The crystal growth rate should depend on the
type of crystal face. Various crystal growths occurred on each
crystal face with different crystal growth rates, which pro-
duced non-spherical particles. Their longitudinal/lateral sizes were
175.0 ± 36.4/33.9 ± 9.1 nm for 12 h, 222.1 ± 50.3/45.4 ± 13.6 nm for
18 h and 218.3 ± 43.4/52.3 ± 20.5 nm for 24 h. Up to 18 h, both lon-
gitudinal and lateral sizes increased with increasing reaction time
because the particle growth occurred with the progression of the
particle formation reaction. The sizes leveled off over 18 h, which
indicated that the generation of particle nuclei almost ﬁnished at
18 h.
Fig. 6 shows an XRD pattern of the particles. The detected
peaks were at 16.2◦, 28.1◦, 29.5◦, 32.6◦, 37.7◦, 41.3◦, 43.7◦, 49.8◦,
50.6◦, 53.2◦, 58.6◦, 60.9◦, 66.5◦, 68.6◦ and 73.7◦. All the peaks were
attributed to hexagonal Gd(OH)3 (JCPDS card No.: 83-2037), which
proved that Gd(OH)3 was produced using the proposed method.
The crystallites were conﬁrmed to be produced by the XRD mea-
surement. The mechanism on formation of needle-like structure
was speculated to be explained with the dependence of crystal
growth rate on the type of crystal face in the TEM observation. The
conﬁrmation of production of crystallites supported the explana-
tion, although a precise mechanism on the formation of needle-like
structure is still unclear.
he reaction times of (a) 12 h, (b) 18 h and (c) 24 h.
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aig. 7. T1-weighted images of the Gd(OH)3 particle colloid solutions with actual G
.661  mM.
The ICP measurement showed that in the Gd(OH)3 particle col-
oid solution with the initial Gd concentration of 1.0 × 10−3 M,  the
ctual Gd concentration was 6.61 × 10−4 M,  which indicated that
6.1% of the Gd(NO3)3 was transformed to the Gd(OH)3 particles.
.2. MRI  property
Fig. 7 shows the T1-weighted images of the Gd(OH)3 parti-
le colloid solutions with various actual Gd concentrations. The
s-prepared Gd(OH)3 particle colloid solution with the actual Gd
oncentration of 6.61 × 10−4 M was diluted with water to adjust
he Gd concentration to 0.03, 0.1, 0.3, and 0.6 M.  The solution with
he Gd concentration of 0 M was water containing no Gd(NO3)3.
trong magnetic resonance provides positive images with light
ontrast for T1-weighted imaging. All of the examined solutions
ere clearly imaged against a black background, and the light
ontrast of the image tended to increase when the actual Gd con-
entration increased.
Fig. 8 shows a plot of the longitudinal relaxation rate (1/T1) of
he Gd(OH) particle colloid solution as a function of the actual3
d concentration. The relaxation rate linearly increased when the
ctual Gd concentration increased. The relaxivity (r1) is deﬁned
s the slope of the relaxation rate with respect to the actual Gd
ig. 8. Longitudinal relaxation rate (1/T1) of the Gd(OH)3 particle colloid solution
s a function of the actual Gd concentration.centrations of (a) 0 mM,  (b) 0.03 mM,  (c) 0.1 mM,  (d) 0.3 mM,  (e) 0.6 mM and (f)
concentration and is commonly used as a guideline for the per-
formance of positive contrast agents [12–14]. The r1 value, which
was calculated from the linear ﬁtting, was 0.79 mM−1 s−1. Next, this
value was  compared with that of Magnevist (gadopentetate dimeg-
lumine), which is a typical commercial MRI  contrast agent. Because
the r1 value of Magnevist, which was  measured in our previous
work [8], is 4.23 mM−1 s−1, the r1 value of the Gd(OH)3 particle col-
loid solution was 18.7% of that of Magnevist. The active exchange
of the protons with the contrast agent decreases T1 and increases
r1 [14,15]. Because most Gd ions should have been present inside
the particles, the interaction between water protons and Gd ions
was not as signiﬁcant as that of the Gd complex molecules in Mag-
nevist. Thus, a smaller r1 was  obtained for the Gd(OH)3 particle
colloid solution.
4. Conclusions
The present work proposed a preparation method of a col-
loid solution of Gd(OH)3 nanoparticles. The process is composed
of the addition of BAER to a Gd(NO3)3 aqueous solution at room
temperature and aging the solution for 12–24 h, which makes the
solution basic after the exchange of H2O with OH−, to prepare an
opaque colloid solution. The opaque solution contains the parti-
cles with a needle structure and a crystal structure of hexagonal
Gd(OH)3. The average longitudinal and lateral sizes of the parti-
cles are 175.0–222.1 and 33.9–52.3 nm,  respectively. The particle
sizes tend to increase when the aging time increases in the exam-
ined range. The r1 value for the T1-weighted imaging of the solution
that was  prepared at the aging time of 18 h is 0.79 mM−1 s−1, which
corresponds to ca. 20% of that for a commercial Gd  complex con-
trast agent. The Gd(OH)3 particle colloid solution has the function
of an MRI  contrast agent with respect to its r1 value for T1-weighted
imaging. Further studies, particularly on the toxicity of particle col-
loid solutions, are in progress toward practical use.
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